This paper summariz the salient featuresofthe ecologic method, with emphasison its application in the study ofenvironmental health. Various types ofecologic design are described, with exampls Finally, the main advantages and disadvantages are indicated. A companion paper discusses the methodology of ecologic designs in more detail and describes a census of data sets with potential suitability for the ecologic study of water quality and human health.
Introduction
This paper gives an overview of various ecologic study designs, with emphasis on studies of environmental effects on human health. The next section gives a general description of ecologic studies, in the context of epidemiology. The third section describes some of the main types of ecologic design. The fourth section lists some advantages and disadvantages of the ecologic approach, in comparison to other epidemiologic options. A companion paper develops the methodologic issues more fully and presents a census ofU.S. and Canadian data sets with potential applicability in the study of water quality and human health.
General Description of Ecologic Studies
The unique distinguishing feature of an ecologic study using epidemiologic data is that its unit of analysis is a group of individuals. This is in contrast to all other epidemiologic designs, where information is available at the level ofthe individual person in the population. The loss of information through ecologic aggregation is important because special care is required for the interpretation ofecologic associations with postulated risk factors. Some of the potential biases affecting ecologic studies are described below. Despite these biases, there are a number ofadvantages of ecologic studies over other epidemiologic designs; these include the ability to study large populations at relatively low cost and to address questions of environmental health that might be difficult or impossible to study with other approaches.
A generic example of an ecologic situation might arise as follows. Suppose we are interested in the possible association of a water contaminant (which will be denoted by X) and a health outcome (to be denoted by Y). If it were feasible to do so, such an association might be investigated epidemiologically using a cohort design. With the cohort method, individual members of a population are enrolled into the study, and their exposure to X is ascertained at baseline and monitored over a period of time. Similarly, disease events Yoccurring in the population are also ascertained prospectively over time. By assembling suitable subgroups ofindividuals with similar levels ofexposure to X, one can estimate and compare their risks of Yin a certain period of time. Important to note is that we have taken individual exposure levels into account.
In contrast, an ecologic approach to the same problem would not have individual linkage of information on Xand Y. Instead, we might choose to study the problem by identifying the level of exposure to X in the water supplies of various communities within the population. We would also estimate the rate ofhealth events Yin the same communities. The analysis ofecologic data ofthis type is then intended to assess the association between X and Yon a community basis rather than at the individual level.
Many of the same concerns of methodologic quality and validity ofdata apply to both the cohort design and the ecologic design for this type of problem. For instance, we want to be assured that the laboratory method for the measurement ofXin water samples is accurate. Also, we would require that all health events in the population are identified and recorded in a consistent and unbiased manner. Finally, we would need to consider the possibility of other exposure variables (related to water quality or otherwise) that might have a confounding effect on the apparent association between X and Y However, the key methodologic difference between the association as measured in cohort or ecologic data is that the ecologic design provides no information at all on the joint distribution ofXand Yat the individual level. In particular, there is no assurance that individuals experiencing the health event Y were indeed those who were exposed to X. In an ecologic study, persons are assigned to community subgroups ofthe population on the basis of residence information, derived, for instance, from municipal tax assessment rolls. However, they may spend part or all of their time elsewhere, and so may consume water with a different level of X. Even within communities, there may be variation in the level ofindividual exposure to X, either because ofdifferential mixing in the water supply system, or because of the use of alternative supplies such as bottled spring water or devices such as water softeners. In an ecologic study, one has no alternative but to assume that the same level ofexposure Xapplies to all members ofthe ecologic population subgroup. The extent to which this is a valid assumption will depend on the size ofthe population subgroups and their heterogeneity, and possibly other factors, as described below.
The two main uses of the ecologic design in epidemiology are the generation/testing of etiologic hypotheses and the evaluation of health interventions. Typical examples of etiologic investigations include assessments of environmental contaminants and their relationship to health outcomes, or the relationship of "natural" exposure to health, for instance the association of water hardnss with cardiovascular mortality (1) or the association of asbestos cement water piping and cancer (2) . Examples of ecologic intervention studies include the MRFIT study (3) to evaluate health education and intervention on risk factors for coronary heart disease and the relationship of cervical pap smear screening to reduction in cervical cancer mortality (4) . This paper will concentrate primarily on the etiologic type of investigation; this is the most active area of research conceniing environmental correlates of health. Examples of intervention studies in this area are rather few in number; one example is the investigations of the health effects of fluoridation of the water supply (5,6). We begin by classifying ecologic designs, drawing heavily on the work of Morgenstern (7).
Types of Ecologic Design Exploratory Ecologic Studies
An exploratory ecologic study usually examines the spatial variation in disease rates, but without any direct incorporation of exposure information. Typical examples are investigations based on cancer atlases; here the rates for cancers of interest would be examined for evidence of spatial autocorrelation, i.e., the tendency for rates to be clustered geographically. Such clustering tendencies might be related to environmental exposure variables, such as water or air quality. The analyses may be informal "eyeball" assessments ofthe maps, or could involve formal statistical tests for spatial autocorrelation, such as the rank adjacency method (8) or the Moran coefficient (9) . Because exposure information is not directly incorporated into the analysis, this type of study is usually hypothesis generating rather than hypothesis testing.
An example ofthis kind ofstudy is that by Savitz and Redmond (10) , who studied the incidence ofcancer in Pennsylvania. They defined 30 geographic areas ofbetween 6 and 39 census tracts each and evaluated the fit ofthe data to a product model involving age and area effects. The objective ofthe analysis was to identify discrepancies between the data and the model predictions, which might indicate different age-specific effects within certain geographic areas.
Multigroup Comparison Ecologic Study
In the multigroup comparison design, data on exposure to X and the health outcome Y are collected on a group basis for several regions. For instance, one might measure the hardness of the water supply in a number of communities and the corresponding mortality rates from ischemic heart disease. The objective ofthe statistical analysis is then to decide ifany associationbetweenXand Yis statistically significant and substantively meaningful, allowing for possible bias or confounding. The preferred analysis for this kind ofdata is regression rather than correlation (7) . Regression allows the estimation ofthe relative risk associated with changes in exposure to X; under ideal circumstancs this relative risk will be the same as that which would have been estimated in individually linked data.
An example of an ecologic study where the geographic subgroups were census tracts is that ofCarlo and Mettlin (11), investigating site-specific cancer rates in Erie County, New York. An example ofa study using municipality as the unit ofanalysis is Isacson's (12) study in Iowa.
'lme-Trnd Ecologic Studies
In time-trend ecologic studies, a single population is assessed with respect to its changes over time in the rates of a disease Yand the corresponding changes in exposure X over the same period of time. An association between Xand Ywould be suggested if changes in Xare parallelled by similar changes in Y.
In practice, it is often difficult to find populations that have experienced substantial changes in Xover time, other than situations where a gradual increase or a gradual decrease has occurred. If the change in exposure has been uniformly monotonic, then it may be more difficult to identify the corresponding point in time where Yhas changed.
An example of this problem is the relationship between the death rate from respiratory tuberculosis (TB) and the introduction ofchemotherapy. As indicated by McKeown (13), the death rate from TB has been steadily declining since the 1830s; the tubercle bacillus was identified in the 1880s and chemotherapy was introduced in the 1940s. The incremental decrease in TB death rates that might be associated with the introduction of chemotherapy is thus hard to identify.
Anotherexampleofthiskind isthechange inthe mortality rate from cervical cancer following the introduction of pap smear screening. Timeseriesdatafrom Scandinavia indicatehow therate had changed following the introduction of screening to various partsofthepopulation (4) . Becausetherateofcervicalcancerwas declining beiore the introduction of screening, it is once again more difficult to clearly delineate the effect ofscreening.
A further difficulty in the time series approach is that it may be necessary to allow for latency in the exposure. For instance, the effect ofmany carcinogens is not felt for many years following exposure. Many occupational cancers are associated with workplace hazards that were experienced 20 to 30 years earlier, and the situation is likely to be similar for environmental hazads. One woud have to correlate changes in the health outcome Ywith changes in the environmental exposure X(e.g., a water quality variable) that had occurred sometime previously. A problem is that one usually has no precise estimate ofwhat the appropriate latent period might be. Also, ifone assumed that the latent period was, say, 20years, one wouldhaveto ignorehealth information on Y for which the corresponding exposure information 20 years earlier was notavailable; the neteffect wil beto shorten (possibly byaconsiderableamount)theuseablelengthofthetimetrenddata on Y Afurtherpracticaldifficultyiflatencyappliesisthatitiscorrespondingly moredifficulttoidentify theappropriate population members who were exposed toXin previous years.
Multiple Group Time-Trend Ecologic Studies
The multiple group time-trend study is a mixture of the multigroup comparison study and single group fime-trend study. In it one identifies changes over time in both the exposure rate and the disease outcome rate for several population subgroups. An example is the study by Crwford et al. (14), who investigated the changes in water hardness in several communities and the corresponding changes in the rate of coronary heart disease.
In general, the multigroup time-trend design is stronger than the single group time-trend design because its results are less susceptible to confounding. It is relatively unlikely that the same confounding variable could lead to a spurious ecologic association in a set oftime series, relative to the chance ofthis happening in a single time series. The use of multiple time series is a form of replication that brings greater plausibility to the scientific results.
Advantages and Disadvantages of Ecologic Studies Advantages
The main advantage ofthe ecologic approach is that it allows the study ofvery large populations. Because exposure and health information are used on a group basis, there is a considerable increase in cost efficiency as compared to designs where individual data are required. Alternative designs such as the case-control method typically involve samples of at most several hundred cases and controls; the typical prospective cohort design might involve at most several thousand individuals. But an ecologic design is capable of studying populations that are orders of magnitude larger. Ecologic studies have even been done to make international comparisons, thereby including populations of many millions. An example is an analysis of the relationship of coronary heart disease mortality to the polyunsaturated/saturated fat ratio in the diet of approximately 20 countries (15) .
Another practical advantage of many ecologic studies is that they use existing databases. For instance, ifwaterquality dataare routinely available in a particular geographic area, and ifdisease outcomes (e.g., incidentcasesofcancer)arerecordedinaregistry, then the two sources of data may be used directly, without the necessity for contact with individual population members.
Both the ability to study large populations and the frequent use ofavailable data imply that the ecologic design may be one ofthe most cost-efficient epidemiologic approaches. Further cost savings may result because it is often possible to execute an ecologic study in a relatively short period of time. There is no necessity to await the occurrence ofincident cases ofdisease, as is required in a cohort study; similarly, there is no need to wait for a case series of sufficient magnitude to accrue, as is required in casecontrol studies.
Because large populations can be studied using ecologic designs, one may investigate relatively small increases in risk. Environmental exposures that are associated with small or moderate increases in risk, but which apply to large segments of the population, are capable of generating quite large numbers of cases of disease. Such factors can be of great significance to public health. The overall impact of such exposures can be conveyed numerically by use of the population attributable risk index, which represents the proportion of all cases of disease in a population that might be associated with exposure (16, 17) . The population attributable risk is a function both ofthe relative risk of individuals exposed versus not exposed to the hazard in question and of the proportion ofthe population which is exposed. It is possible for the population attributable risk to attain quite high values when the exposure prevalence rate is high, even though the relative risk is only modest (18) . However, in order to demonstrate the statistical significance of a small relative risk, large populations must be studied. The ecologic design is often well suited for this purpose.
An example of the "small risk, large population" scenario is that of low-level carcinogenicity in well water. Crump and Guess (19) have calculated an upper limit on the risk for all carcinogens identified in well water inthe United States. This is an estimated 0.1% increase in lifetime excess risk for all cancers, and less than a 10% increase in the number of cases of rectal, colon, or bladder cancer individually. Crump and Guess concluded that epidemiologic studies may overestimate the effect of drinking water on cancer rates, possibly because of confounding with other environmental risk factors not measured, because of collinearity between organic concentrations in water and other factors in the environment, or because humans are more susceptible than animal species tested for carcinogenicity of the same contaminants. They have concluded that "increased risks of rectal, bladder, and colon cancer of the magnitude suggested by these studies are large enough to be ofconcern yet small enough to be very difficult to separate from confounding risks associated with other environmental risk factors" (19) .
Another advantage of the ecologic approach is its usefulness in the investigation of suspicious clusters of disease in relatively small geographic areas. Examples ofthis type include studies of apparent increases in cancer rates near locally contaminated water supplies. Communities that suspect they are experiencing sudden or sustained increases in health event rates often demand that epidemiologic investigations be carried out. Examples ofthis kind include an investigation of an outbreak of leukemia associated with industrially contminated ground water in Wobum, Massachusetts (20) , and the Upper Ottawa Street Landfill Study in Hamilton, which investigated the health of residents near a landfill site, possibly subjected to airborne and waterborne contaminants (2!).
A common feature of investigations of local health problems is that a suitable comparison must be made to an appropriate control group ofindividuals not exposed to the hazard in question. Some of these studies involve the use of mortality or cancer incidence registry data and can therefore be completely ecologic in nature, without requiring contact with the individuals in the study area. However, in practice the ecologic information is often supplemented with personal interviews concerning health and/or exposure to the postulated contaminant. If questionnaire or other individual data are used, the study ceases to be one with a pure ecologic design but assumes mixed design.
Disadvantages
The strongest disadvantage of the ecologic design arises because ofits inherent feature ofusing aggregated data. Because thejoint distribution ofexposure and health at the individual level remains unknown, there is the possibility that the so-called "ecologic fallacy" would apply; this fallacy is described in the companion paper in more detail, but in summal we may say that it leads to possible distortion ofthe association between exposure and disease. It is possible for variables Xand Yto be apparently associated in ecologic data, when no association exists at the individual level; similarly, it is possible that two variables Xand Ywhich are correlated at the individual level show no association when studied in aggregated data. By careful attention to methodologic issues in the design ofecologic studies, it may be possible to minimize the effects ofthe ecologic fallacy; however, it is usually difficult to assess the likelihood ofan ecologic fallacy having occurred once a study has been completed.
The possibility of fallacious ecologic associations has led many epidemiologists to be critical ofthe ecologic method. Most would agree that it is generally preferable to use a nonecologic design ifthis is feasible. At There may be further difficulty in drwing causal conclusions from ecologic data because of possible confounding. For example, ifan association is found ofincreased health events with poorer water quality, then it is possible that the association is due to confounding with socioeconomic status. If persons of low socioeconomic status tend to reside in regions where public services in general and water quality in particular are poorer, then an apparent association of health with poor water quality would be induced thrugh the general effects ofa social class gradient for several diseases. Ifthis (possibly hypothetical) scenario applied, the true risk factor would be low socioeconomic status rather than poor water quality. It would be difficult for an ecologic analysis to separate the effect of water quality and low socioeconomic status and might falsely conclude that water quality was indeed the causal variable.
Conclusion
This paper has described several types of ecologic study designs, with examples. The following companion paper discusses the various methodologic issues involved in more depth. It also considers the practical applicability ofthe method by using a census ofU.S. and Canadian data sets on water quality and human health. 
